We have investigated the adhesive capacity of neutrophils after spontaneous apoptosis, which occurs during in vitro culture. Apoptotic neutrophils show reduced adhesion to E selectin and the CD18 integrin ligand fibrinogen. Neutrophil apoptosis is associated with changes in the levels of surface expression of key receptors that mediate neutrophil adhesion events. Notably, apoptotic neutrophils show reduced expression of L-selectin/wlectin ligand. In contrast, CDllb/ CD18 and CDllc/CD18 integrins are expressed at increased levels. The reduced capacity for adhesion of apoptotic neutrophils may be achieved by very different mechanisms. Reg-N IMPORTANT factor determining whether inflammation resolves or progresses to a chronic inflammatory state characteristic of most inflammatory diseases is the mechanism by which recruited neutrophils and their potentially injurious contents are removed from inflamed tissues.' Neutrophil death by disintegration or necrosis has the potential to inflict cellular damage by release of granule contents,' stimulating resident phagocyte populations and prolonging the inflammatory reaction. An alternative, potentially injurylimiting neutrophil removal mechanism involves phagocytosis of intact neutrophils by macrophages. Apoptotic neutrophils are recognized and phagocytosed intact by macrophages without release of proinflammatory mediators, thus limiting tissue injury and promoting resolution of inflammati~n.~.~ Neutrophil apoptosis is associated with the marked downregulation of a number of neutrophil functions (including phagocytosis, stimulated granule secretion, and chemotaxis),6 many of which show marked adhesion-dependency. However, the mechanisms that underlie observed functional downregulation remain ill-defined.
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During in vitro culture, neutrophils undergo spontaneous apoptosis, with characteristic morphologic alterations (nuclear condensation, vacuolation) and intranucleosomal DNA ~leavage.~ Cell surface alterations associated with neutrophil apoptosis, which remain undefined, permit recognition by phagocyte^.^,^ However, there have been relatively few studies characterizing apoptosis-associated cell surface changes. We have recently demonstrated that, under defined in vitro culture conditions, neutrophil apoptosis is accompanied by a dramatic reduction in expression of the FcyRIII (CD16).7 Similar marked reductions were not observed for other anti- gens that we e~a m i n e d .~.~ Thus, expression of CD 16 may be used to define nonapoptotic (CD16 high expressors) and apoptotic (CD16 low) neutrophils present in a mixed population of cultured cells. Moreover, this finding indicates that in addition to changes in receptor expression after priming/ activation stimuli, specific alterations in surface receptor expression may be part of the cascade of events associated with apoptosis.
In this study, we have examined expression and function of the principle neutrophil adhesion receptors on in vitrocultured neutrophil preparations. Using standard single-color flow cytometric techniques to examine surface molecule expression on in vitro-cultured neutrophils, small changes in expression associated with apoptosis may be masked. Therefore, we have examined expression of adhesion molecules on apoptotic and nonapoptotic neutrophils with dual fluorescence flow cytometry. In parallel, we have assessed the ability of in vitro-cultured neutrophils and immunomagnetically separated apoptotic neutrophils to adhere to E-selectin and to the P2-integrin ligand fibrinogen.
MATERIALS AND METHODS
All reagents and chemicals were obtained from Sigma (Poole, UK) unless otherwise stated. Tissue culture ware (Falcon Plastics, Becton Dickinson, Oxford, UK) were purchased from A and J Beverage (Edinburgh, UK), and tissue culture media were purchased from Life Technologies (Paisley, UK).
Cell preparation and culture. Peripheral blood leukocytes from healthy volunteers were isolated essentially as previously de~cribed.~ Briefly, citrated blood was centrifuged at room temperature for 20 minutes at 200g, and platelet-rich plasma was removed. Autologous serum was prepared by recalcification of platelet-rich plasma by addition of CaClz to a final concentration of 2 mmol/L. Leukocytes were separated from erythrocytes by dextran sedimentation using 0.6% dextran T500 (Pharmacia, Milton Keynes, UK), and the leukocyte-rich upper layer was then fractionated using isotonic Percoll (Pharmacia) as described? Polymorphonuclear leukocytes and mononuclear leukocytes were harvested from the 70%/81% and 5 5 W 70% interfaces, respectively. Cell viabilities were assessed by exclusion of the vital dye trypan blue. Polymorphonuclear cells were cultured for various lengths of time, as detailed in the text, either in sterile Teflon culture vessels or 96-well polypropylene assay plates (Becton Dickinson) at a concentration of 4 X IOh/mL in Iscove's Modified Dulbecco's medium (IMDM; Life Technologies) containing 10% autologous serum. Apoptosis was assessed by counting cytocentrifuge preparations of cells for morphologic changes characteristic of apoptosis (nuclear condensation, vacuolation) using a Flow cytometric analysis. Antibody labeling of intact cells was performed using indirect immunofluorescence techniques as previously described.14 Briefly, IO5 cells were added to 96-well flexible assay plates (Becton Dickinson) and washed in Tris-buffered saline containing 0.2% bovine serum albumin (BSA), 0.1% sodium azide (TBN). Cells were then incubated in 50 pL of saturating concentrations of primary antibody for 30 minutes on ice, washed twice in TBN, and incubated in 50 pL of 1:25 dilution of FITC-conjugated F(ab'), goat antibody to mouse immunoglobulins (DAKO, High Wycombe, UK) for 30 minutes on ice and washed twice before flow cytometry using an EPICS Profile I1 (Coulter Electronics, Luton, UK). For double-labeling experiments, phycoerythrin (PE)-conjugated F(ab'), rabbit antibody to mouse Ig (DAKO) was used as a second layer, and an additional 30-minute incubation in FITC-labeled 3G8 was performed before washing and flow cytometric analysis. Color compensation was performed using the following controls: (1) Immunodepletion of CD16 high, nonapoptotic neutrophils. Neutrophils (total, 3 X 10') cultured for 18 to 24 hours in IMDM containing 10% autologous serum were washed once in Hanks' balanced salt solution, pH 7.4 (HBSS; Life Technologies) without divalent cations, resuspended to a volume of 12 mL in HBSS, and placed in a 15-mL polypropylene tube on ice, Determination of the proportion of cells with high and low CD16 expression was made using FITC-conjugated CD16 MoAb 3G8. Dynabeads (sheep antimouse Ig; Dynal, Oslo, Norway), pre-equilibrated with saturating concentrations of MoAb 3G8, were washed twice and added to give a bead:3G8 high-expressing neutrophil ratio of 2: 1. Cells were then rotary mixed with beads for 20 minutes at 4°C before depletion of Dynabeads and bound cells using a magnetic particle concentrator (MPC-l; Dynal). A further depletion was performed as described above to remove any remaining CD16 high-expressing neutrophils. After a final depletion of magnetic particles, cells were washed, and cell viability was determined before resuspension in the appropriate adhesion assay buffer. CD16-depleted neutrophil preparations were greater than 95% viable and contained less than 5% contaminating eosinophils and mononuclear cells, as determined by morphologic examination of cytocentrifuge preparations. The proportion of nonapoptotic neutrophils present in these preparations is detailed in Results.
Adhesion to E-selectin. Recombinant E-selectin [supplied by Dr Mike Bird (Glaxo Group Research) as a fusion protein consisting of the C-lectin domain, epidermal growth factor (EGF) domain, and 4.5 of the SCR repeat regions of the E-selectin molecule expressed in tandem with two protein A domains] was adsorbed to Nunc Maxisorb 96-well plates (Life Technologies) at a concentration of 0.1 pg/mL overnight at 4°C. Plates were then blocked in 50% heatinactivated fetal calf serum (HKFCS) for 2 hours at 37°C before use in binding assays. For adhesion blockade using CD62E MoAb, wells were preincubated with BBA2 (20 pg/mL) or 1:40 dilution of ENA-2 F(ab'), for 30 minutes at room temperature. Neutrophils or depleted cells were resuspended at 3 X 106/mL in HEPES-buffered HBSS containing 4 mmo" CaCI, and 2 mmovL MgC12 (assay medium) or assay medium containing adhesion-blocking CD62E MoAb or 10 mmol/L EDTA, and were incubated (100 pL per well) at room temperature for 30 minutes. Plates were then washed four times in assay medium alone, and adhesion of neutrophils was quantified by colorimetric assay for alkaline phosphatase activity. Briefly, alkaline phosphatase substrate 104 was added to a concentration of 1 mg/mL in 0.1 m o m bicarbonate buffer, pH 10.0, containing 0.02% sodium dodecyl sulfate (SDS), and 100 pL was added per well.
After incubation for 4 hours at 37"C, the plates were read at 405 nm in a Dynatech automatic plate reader (MR5000; Dynatech, Guernsey, UK). The absorbance reading for total number of added neutrophils was then used to calculate percentage adhesion in quadruplicate wells. Specific adhesion to E-selectin-coated plates was calculated by subtraction of percentage adhesion recorded either in the presence of adhesion-blocking CD62E MoAb or 10 mmo" EDTA (see also Fig 4B) .
Adhesion to fibrinogen. Nunc Maxisorb 96-well plates were coated with fibrinogen (bovine type I-S) at 2 mg/mL in 0.1 moVL bicarbonate buffer, pH 9.8, overnight at 4°C. Plates were washed once in HEPES-buffered saline (pH 7.4) containing 500 pmo" MnCl,, and washed neutrophils (3 X lo5 per well) were allowed to adhere for 30 minutes at 37°C in HEPES-buffered saline containing 500 pmo" MnCl, and 3 pg/mL of PZintegrin function-promoting MoAb KIM127I5 [a concentration previously determined to give maximal adhesion of freshly isolated neutrophils (S.C.S., unpublished data, June 1992)l. After washing twice in assay buffer, adhesion was quantified by colorimetric determination of alkaline phosphatase as described above. Nonspecific adhesion was determined using function-blocking CDllb MoAb 44," B2 MoAb MHM23 (data not shown), and 5 mmom EDTA. For adhesion blockade using MoAb, neutrophils were preincubated with 20 pg/mL of CDllb MoAb for 20 minutes at room temperature before assay, and MoAb was also present during the adhesion assay. The absorbance reading for total number of added neutrophils was then used to calculate percentage adhesion in quadruplicate wells. Specific adhesion to fibrinogen-coated plates was calculated by subtraction of percentage adhesion recorded either in assay medium containing CD1 Ib function-blocking MoAb or in the presence of EDTA (see also Fig 4A) . Expression of selectin/selectin-li~and.s. Initial interaction of neutrophils with endothelial cells, rolling adhesion, involves both L-selectin and vascular selectin ligands expressed on the neutrophil ~urface.'"'~ L-selectin (CD62L) expression is rapidly downmodulated after neutrophil activation in vitro." Dual fluorescence labeling experiments showed marked alteration in CD62L expression after 18 hours of culture in vitro (Fig l ) . For nonapoptotic neutrophils, expression of CD62L is maintained, whereas apoptotic neutrophils express undetectable levels of CD62L (Figs 1  and 2 ). Thus, adhesive interaction of apoptotic neutrophils via CD62L is likely to be severely compromised. Adhesion of neutrophils to vascular selectins (E-and P-selectins) involves sialylated carbohydrate on the neutrophil ~urface.'~'~' Although all freshly isolated neutrophils express both Lewis" (CD1 5 ) and sialyl LewisX (CDISs), levels of expression are relatively heterogeneous, possibly reflecting the presence of these carbohydrate groups on a number of different molecules, including glycolipid^.^^-*^ There is also heterogeneity in neutrophil CDISs expression after in vitro culture. When expression of CD1 Ss on nonapoptotic and apoptotic neutrophils was compared using dual fluorescence analysis, we found that CDI5s expression was reduced for the apoptotic population, although not to the same extent as observed for CD 16 and CD62L (Fig 2) . These results suggested that apoptotic neutrophil adhesion to vascular selectins via sialyl CD15 may also be reduced.
RESULTS

Altered expression
Expression of CD43. We have also examined expression of the heavily sialylated mucin CD43, which may be involved in adhesion to intracellular adhesion molecule-l (ICAM-l), the levels of which are regulated during activation.= Dualfluorescence analysis of CD43 expression on cultured neutrophils showed decreased expression on apoptotic cells to an extent similar to that observed for CDl5s (Fig 2) . Similar results were obtained using another CD43 MoAb (data not shown), suggesting that observed reduction in expression did not occur as a result of loss of a single epitope.
Expression of 02-integrins. Previous studies have shown that neutrophil expression of CD11/CD18 (P2) integrins is discordantly regulated. After activation with chemoattractant, CD1 lb/CD18 and CDllc/CD18 are rapidly mobilized from intracellular storage granules, whereas 3267 expression of CD1 ldCD18 remains essentially unaltered.26.27 Expression of CDlla on CD16 low (apoptotic) neutrophils is reduced approximately 50% when compared with CD16 high (nonapoptotic) neutrophils. In contrast, both CD1 l b and CD1 IC are expressed at elevated levels on apoptotic neutrophils. One possible explanation for these findings is that during apoptosis, nonspecific mobilization of intracellular granule contents occurs, resulting in increased expression of membrane proteins that are stored intracellularly. TO test this possibility, we also examined expression of complement receptor type 1 (CD35).I3 In contrast to the increase in CD1 l b and CD1 IC expression that we observed for apoptotic neutrophils, CD35 was expressed at reduced levels. These results suggest that a generalized mobilization of molecules stored in intracellular granules does not occur; rather, there is a specific mobilization of intracellular CD1 1b/CDl8 and CD1 IdCD18 associated with apoptosis.
Expression of activation epitopes on 02-integrins. To gain further insight into the nature of the observed changes in the 0 2 leukocyte integrins, we examined expression of epitopes recognized by KIM 127 and 24 on nonapoptotic and apoptotic neutrophils. MoAb 24 defines an epitope present on all three integrin a subunits that associate with p2.'4.28 Cell-surface expression of the epitope recognized by MoAb 24 parallels observed functional activity of PZintegrins, and it has been suggested that the MoAb defines an activation epitope on 02-integrins possibly related to ligand binding.29 Therefore, we examined expression of the 24 epitope under conditions in which P2-integrins are functionally inactive (in the presence of divalent cation chelator EDTA) and under conditions that have been shown to induce 02-integrin function and give maximal MoAb 24-binding (in the presence of Mg2+ and the Caz' chelator EGTA)? We observed that, in EDTA, MoAb 24 did not bind to either nonapoptotic or apoptotic neutrophils (Fig 3A) , consistent with the binding specificity of this MoAb reported p r e v i o u~l y . '~~~~ When MoAb 24-binding in Mg2+ EGTA was compared with that in the presence of EDTA, we observed a small (3.1 1.4-fold; n = 5) increase in binding to apoptotic neutrophils. In contrast, for nonapoptotic neutrophils, a profound increase in MoAb 24-binding (22.6 -C 8.8-fold; n = 5) was observed in Mg2+ EGTA when compared with EDTA (Fig 3B) . These results imply that 02-integrins expressed by apoptotic neutrophils show a much reduced ability to adopt a conformation that is associated with ligand-binding activity.
We next examined binding of the MoAb KIM127 to apoptotic and nonapoptotic neutrophils. KIM127 binds to the integrin 0 2 subunit in a temperature-dependent manner and acts to promote 02-integrin functional a~tivity.'~ We observed that, in accordance with published data, low levels of binding to both nonapoptotic and apoptotic neutrophils was observed at 4°C (Fig 3C) . At 37"C, levels of expression of the KIM127 epitope were similar on both nonapoptotic and apoptotic cells (Fig 3D) . One implication of these results is that the adhesion-promoting MoAb KIM127 may act to induce functional activity of P2-integrins present on both nonapoptotic and apoptotic neutrophils. cence analysis suggested that although CD1 Ib and CD1 IC were expressed at increased levels on the apoptotic neutrophils relative to nonapoptotic neutrophils, expression of the 24 epitope was reduced on the apoptotic population. Because apoptosis is associated with downregulation of integrin-dependent functions (eg, spreading and chemotaxis),h one possibility was that 02-integrin receptor dysfunction was responsible for observed functional changes. To test this possibility, we measured neutrophil adhesion to fibrinogen, previously shown to be primarily mediated by CD1 1 b/ for 18 to 20 hours in vitro and then immunomagnetically depleted of CD16 high-expressing cells, yielding preparations of neutrophils that showed greater than 90% apoptotic neutrophil morphology and were greater than 95% viable (as determined by exclusion of the vital dye trypan blue). It is notable that apoptotic neutrophils retain cytoplasmic enzymes, including myeloperoxidase' and alkaline phosphatase. We observed that CD16-depleted neutrophils had 82%
CD1 I bKD18-dependent binding to jbrinogen is reduced for apoptotic neutrophils. Results from our dual fluores-
? 10% (n = 7; 5 SD) of the alkaline phosphatase activity of unseparated neutrophils. We compared adhesion of unseparated and separated neutrophils to fibrinogen in the presence of 500 pnol/L MnCL, a divalent ion that promotes CD18-dependent and in the presence of the adhesionpromoting CD1 8 MoAb KIM127.I5 Under these conditions, neutrophil adhesion to fibrinogen was found to be divalent CD1 8.30." For these experiments, neutrophils were cultured cation-and CD1 lbKD18-dependent (Fig 4A) . Although a proportion of predepleted cultured neutrophils were able to bind to fibrinogen in a CD18-dependent manner, depletion of nonapoptotic neutrophils greatly reduced the ability of neutrophil populations to bind to fibrinogen (Fig 4C) . Moreover, the proportion of predepleted cells that bound to fibrinogen in the presence of Mn" KIM 127 approximated the proportion of nonapoptotic neutrophils present (see legend to Fig 4) , suggesting that the ability of apoptotic neutrophils to bind fibrinogen via CD1 Ib/CD18 is diminished.
Binding to E-selectin is reduced for apoptotic neutrophils. Downregulation of the selectin ligand (CD15s) and the selectin CD62L on apoptotic neutrophils suggests that adhesion via these receptors may be markedly reduced after apoptosis. Therefore, we compared the ability of predepleted and CD16-depleted apoptotic neutrophils to bind to E-selectin. Neutrophil adhesion to recombinant E-selectin was divalent cation-dependent and inhibitable by preincubation of plates with CD62E MoAb (Fig 4B) . Results from a series of depletion experiments demonstrate that although a proportion of a mixed population of nonapoptotic and apoptotic neutrophils are able to bind to E-selectin (Fig 4D) . depletion of the CD16 high nonapoptotic population reduced the proportion of neutrophils that were able to bind to E-selectin. These results suggest that, as found for adhesion to fibrinogen. neutrophil apoptosis is associated with a reduced ability to and did not occur in the absence of divalent cations (n = 4). Adhesion t o recombinant E-selectin was assessed either after preincubation of E-selectin-coated plates with function-blocking MoAb BBA2 or ENA-2 F(ab'),, or in assay medium containing 10 mmol/L EDTA (n = 3). (A and B) Adhesion is expressed as percent adhesion relative t o untreated controls. Binding of unseparated 20-hour cultured neutrophils and CD16-depleted apoptotic neutrophils t o fibrinogen (C) and E-selectin-22 fusion protein (D) was compared. Specific neutrophil adhesion was calculated by subtraction of adhesion in the presence of adhesion-blocking MoAb or the divalent cation chelating agent EDTA, and results are expressed as the percentage of total cells bound specifically t o fibrinogen or E-selectin (mean -t SD of three separate experiments). For fibrinogen-binding experiments, 40.8% 2 3% of predepleted cells were nonapoptotic, and CD16-depleted neutrophils were 496 -t 2% nonapoptotic. For E-selectin-binding experiments, 53.4% -t 5% of predepleted cells were nonapoptotic, and CD16-depleted neutrophils were 11.196 2 3% nonapoptotic.
bind to E-selectin. Indeed, when the percentage of neutrophils that bind E-selectin is compared with the proportion of nonapoptotic cells present in cell preparations, a striking correlation is observed (Fig SA) , suggesting that nonapoptotic neutrophils do not bind to E-selectin. To confirm this interpretation of the results, the following experiment was performed. A mixed population of nonapoptotic and apoptotic neutrophils was allowed to bind to E-selectin as in previous experiments. After removal of nonadherent cells, we used EDTA to remove remaining adherent cells. Examination of Diff-Quick-stained cytocentrifuge preparations (typical photomicrographs are shown in Fig SB) showed that neutrophils adherent to E-selectin show nonapoptotic morphology, whereas nonadherent neutrophils are predominantly apoptotic. These results confirm that neutrophil apoptosis is associated with a reduction in E-selectin binding ability.
DISCUSSION
Many of the effector functions of neutrophils, such as granule release, phagocytosis, and toxic metabolite production are modulated by the adhesive state of the cell. Engagement of p2-integrins or matrix receptors serves to amplify the destructive potential of neutrophils in response to triggering stimuli.3"3h Similarly, several studies have suggested that binding of neutrophils to vascular selectins may also enhance subsequent neutrophil f~n c t i o n .~~. "~ Thus, at the resolving inflammatory focus, inappropriate neutrophil responses may prolong or exacerbate inflammatory processes. Downregulation of neutrophil phagocytosis. stimulated granule secretion, and chemotaxis associated with neutrophil apoptosis" may represent a defined damage limitation strategy, or alternatively, a nonspecific loss of function. To begin to address this issue, we have investigated the expression and function of key adhesion receptors on apoptotic neutrophils.
In terms of surface expression of adhesive receptors. we found marked (greater than 90% loss of receptors) downregulation of the selectin CD62L. Downregulation of expression of CD62L also occurs after neutrophil activation, surface CD62L being rapidly shed proteolytically in response to stimulation.'"'' Interestingly, proteolytic shedding is also involved in regulation of expression of CD16'X and CD43," which are also expressed at reduced levels on apoptotic neutrophils (Dransfield et ; neutrophils that were eluted from E-selectin plates using 5 mmol/L EDTA, which were nonapoptotic (E-selectin adherent); and neutrophils that did not adhere t o E-selectin during a 30-minute assay, showing clear apoptotic cell morphology (E-selectin nonadherent). In this experiment, 4% eosinophils were present in the preparation.
the possibility that neutrophil apoptosis is associated with an activation-like shedding of certain receptors. Although the mechanism that underlies apoptosis-associated reductions in expression of CD16, CD62L, and CD43 remains to be defined. it is tempting to speculate that proteolytic mechanisms involved in activation-induced receptor shedding may be involved, for example, metalloprotease activation." In this study, we also observed reduced expression of sialyl Lewis" (CDISs). CD15 on the neutrophil surface is displayed on a number of glycoproteins, including CD66 family members and CD18.".'4 Although it is possible that downregulntion of receptors bearing CD15 may account for some of the observed reduction in expression, levels of expression of CD66 are maintained on the apoptotic neutrophil (Dransfield I S t a r t P o p u l a t i o n E -s e l e c t i n a d h e r e n t E -s e l e c t i n n o n -a d h e r e et al' and data not shown). Therefore, it is possible that reduced expression of CDISs represents specific loss of sialic acid through action of sialidases.
Our results show that apoptotic neutrophils have a markedly reduced capacity to bind to E-selectin. First, depletion of nonapoptotic neutrophils from a mixed population of nonapoptotic and apoptotic neutrophils resulted in a reduced proportion of neutrophils able to bind to E-selectin. Second, examination of E-selectin adherent and nonadherent cells showed that only cells with nonapoptotic morphology were able to bind to E-selectin. As expression of the selcctin ligand CDISs is much reduced on the apoptotic neutrophil. we suggest that neutrophil adhesion to E-selectin may be regulated primarily by alteration in the density of available For personal use only. on October 30, 2017. by guest www.bloodjournal.org From selectin ligand (CDISs). Neutrophil binding to P-selectin may also be dependent on CDISs expression; thus, apoptotic neutrophils may show a reduced capacity for all selectinmediated adhesions.
In contrast to the observed downregulation of expression of selectidselectin ligand on apoptotic neutrophils, expression of the 82-integrins CD1 Ib/CD18 and CD1 IdCD18 was maintained. Surprisingly, we did not observe binding of apoptotic neutrophils to fibrinogen via CD1 Ib/CD18, in spite of maintained expression of CD1 Ib/CD18 on the apoptotic neutrophil surface. Moreover, the assay conditions used in this study have previously been shown to drive D2-integrin function. These findings suggested that 02-integrins expressed on the apoptotic neutrophil surface are functionally inert. Further insight into the molecular mechanism of this functional downregulation was gained by examination of the activation epitopes recognized by MoAbs 24 and KIM127. Dual immunofluorescence analysis showed that KIM 127 bound equally well to the surface of both nonapoptotic and apoptotic neutrophils. Thus, differential binding of this function-promoting antibody does not account for observed differences in fibrinogen-binding for apoptotic and nonapoptotic cells. Many MoAbs that bind to integrin D subunits and act to promote function are believed to induce conformational alterations that strengthen subsequent ligand binding, possibly mimicking ligand-induced activation events. For D 1 -integrins, these MoAbs map to a highly conserved region of the P subunit, suggestive of a critical role either in association with the (Y subunit or interaction with ligand.40" Interestingly, binding of KIM127 to apoptotic neutrophils was temperature-dependent, possibly suggesting that apoptosis does not alter the ability of P2-integrins to undergo conformational alterations associated with temperature shifts. However, the lack of effect of KIM127 in functional assays raises the possibility that although MoAb KIM127 binds to P2-integrins on apoptotic cells, it is unable to induce conformational alterations associated with functional receptors.
In support of this suggestion, expression of the epitope recognized by MoAb 24 was found to be dramatically reduced for apoptotic neutrophils when compared with nonapoptotic neutrophils. This epitope, present on all three a subunits of the D2-integrin subfamily, has previously been demonstrated to be expressed on the neutrophil surface under conditions that are associated with receptor functional activity.I4 More recently, Cabanas and Hogg2' demonstrated that integrin ligand (ICAM-I) was required for expression of the epitope on LFA-I, suggesting that this MoAb defines a ligand-induced binding site on P2-integrins and may be used to report the presence of functionally active receptors. The observed low levels of binding of this MoAb to apoptotic cells, therefore, suggests that although expression of P2-integrins is maintained on the apoptotic neutrophil, the proportion of active 02-integrins is much reduced.
It may be that the function of 02-integrins is further compromised during apoptosis as a result of dysregulation of intracellular mechanisms for control of receptor function. There is much evidence that cytoplasmic events serve to regulate integrin function. 45 Although the cytoplasmic molecules that associate with integrins to regulate function remain to be fully characterized, it is possible that apoptosis results in altered PZintegrin association with cytoskeletal elements or altered signal transduction (eg, tyrosine kinase activity) potential. These events may be particularly relevant for multiple cycles of adhesion-strengthening involving receptor mobilization and activation. Indeed, the static assay used in this study may measure such firm cellular adhesion. However, neutrophil expression of the activation reporter epitope defined by MoAb 24 is not inhibited by cytochalasin B (I.D., unpublished data, June 1994). suggesting that cytoskeletal elements are not required. The speculation would be that loss of P2-integrin function associated with neutrophil apoptosis, even in the presence of function-promoting MoAb or the divalent ion MnZ+, occurs as a result of conformational inflexibility that does not permit transition to the ligand bound state.
Integrins serve to sense environmental stimuli and transmit intracellular signals. Receptor function may be rapidly modulated from within the cell, allowing responses independently of receptor expression. Alterations of P2-integrin function independently of receptor expression associated with neutrophil apoptosis suggest that uncoupling of integrins may represent a cellular strategy for downmodulation of adhesive function. Although the mechanism(s) that underlies this functional uncoupling of P2-integrins on the apoptotic neutrophil remains to be determined, it is interesting to note that functional downmodulation of PI -integrins occurs during terminal differentiation of keratinocytes?' a change that precedes loss of receptors from the differentiated cell. In contrast to our observations relating to P2-integrins, Dlintegrin function can be rescued by the presence of D lfunction-promoting MoAb?' although these differences may simply reflect epitope differences of function-promoting MoAbs for 01-and P2-integrins.
Whether surface changes associated with the reduced adhesive capacity of apoptotic neutrophils also provide molecular cues for the rapid and efficient recognition and phagocytosis of apoptotic neutrophils by macrophages is not known. However, results presented in this report indicate that there is regulation of both expression and function of adhesion receptors associated with apoptosis in neutrophils. Moreover, regulatory mechanisms appear to differ for selectinversus integrin-mediated adhesion processes. These findings suggest that surface changes associated with apoptosis are likely to be part of a tightly controlled process and that the decreased adhesive state of apoptotic neutrophils represents part of a defined tissue damage limitation strategy.
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